One powerful technique that has not been exploited for studying LacY is f luorescence resonance energy transfer (FRET) (13). This sensitive spectroscopic technique yields information regarding inter-and intramolecular distances. Essentially the method analyzes how the lifetime and quantum yield of a fluorescent molecule (the donor) is influenced by another fluorescent molecule (the acceptor) and vice versa. By using Förster theory, which states that the efficiency of energy transfer is inversely proportional to the sixth power of distance, distances between two fluorophors can be measured (14). The sensitivity and range of distances that can be calculated reliably from FRET depends on the spectral characteristics of the dyes and their relative orientations, which together determine R 0 , the distance at which energy transfer efficiency is 50%. The technique is typically most sensitive for distances between 20 and 100 Å (14, 15).
bioenergetics ͉ active transport ͉ lactose permease ͉ EF-hand motif L actose permease (LacY), encoded by the lacY gene of Escherichia coli (1) , catalyzes galactoside͞H ϩ symport and is a paradigm for transport proteins from Archaea to the mammalian central nervous system that transduce free energy stored in electrochemical ion gradients into solute concentration gradients (reviewed in refs. [2] [3] [4] [5] . LacY has been solubilized and purified in a completely active state (reviewed in ref. 6 ) and functions as a monomer (see ref. 7) . The molecule contains 12 transmembrane helices connected by hydrophilic loops with both the N and C termini on the cytoplasmic face of the membrane (Fig. 1A) (reviewed in refs. [8] [9] [10] . In a functional mutant devoid of native Cys residues, each residue has been replaced with Cys (reviewed in ref. 10 ). Analysis of the mutant library in conjunction with a battery of techniques has led to the following developments (reviewed in refs. 11 and 12): (i) The great majority of the mutants are expressed normally in the membrane, exhibit significant activity, and only six side chains are clearly irreplaceable for active transport: Glu-126 (helix IV) and Arg-144 (helix V), which are indispensable for substrate binding, and Glu-269 (helix VIII), Arg-302 (helix IX), His-322, and Glu-325 (helix X), which are critical for coupling sugar and H ϩ translocation. (ii) Helix packing, tilts, and ligand-induced conformational changes have been determined. (iii) Positions that are accessible to solvent have been revealed. (iv) Positions where the reactivity of the Cys replacement is increased or decreased by ligand binding have been identified. (v) LacY has been shown to be a highly flexible molecule. (vi) A working model describing a mechanism for lactose͞H ϩ symport has been proposed.
One powerful technique that has not been exploited for studying LacY is f luorescence resonance energy transfer (FRET) (13) . This sensitive spectroscopic technique yields information regarding inter-and intramolecular distances. Essentially the method analyzes how the lifetime and quantum yield of a fluorescent molecule (the donor) is influenced by another fluorescent molecule (the acceptor) and vice versa. By using Förster theory, which states that the efficiency of energy transfer is inversely proportional to the sixth power of distance, distances between two fluorophors can be measured (14) . The sensitivity and range of distances that can be calculated reliably from FRET depends on the spectral characteristics of the dyes and their relative orientations, which together determine R 0 , the distance at which energy transfer efficiency is 50%. The technique is typically most sensitive for distances between 20 and 100 Å (14, 15) .
Luminescence resonance energy transfer (LRET) is a particular type of FRET where a lanthanide atom (Tb 3ϩ or Eu 3ϩ ) transfers energy to an organic fluorescent acceptor. The technique exploits the remarkable luminescence properties of lanthanides (i.e., millisecond to submillisecond lifetimes, narrow and multiple emission bands in the visible spectrum, and unpolarized emission). As a consequence, lanthanide luminescence overcomes some of the limitations of conventional FRET experiments [e.g., the unpolarized long lifetime allows random orientation of both the donor and acceptor during the energy transfer process, thereby simplifying determination of the orientation factor between donor and acceptor ( 2 )] (14) .
Current LRET studies use a thiol-reactive chelator to bind a Tb 3ϩ ion at an engineered Cys residue in the protein (16) (17) (18) (19) (20) . The chelator binds Tb 3ϩ with high affinity, shielding the cation from nonradiation deexcitation processes (primarily solvent quenching) (19, 21) . The resulting Tb 3ϩ emission has a high quantum yield, sometimes approaching unity, and a long lifetime. Although these long-lived lanthanide chelates have been used successfully for estimating inter-and intramolecular distances in the range of 45 Å or more (16) (17) (18) (19) (20) , they are problematic for short distance measurements in the range desired for most intramolecular interactions because: (i) reactive and highly luminescent chelates are not usually available commercially and require synthesis (21); (ii) the bulk of the chelator may perturb the local environment of the protein; (iii) the mobility inherent in the use of a bulky group with a linker makes distance calculations less precise, particularly under 40 Å; and (iv) both the chelator and the fluorophor are usually directed toward Cys residues, sample heterogeneity is introduced.
An alternative possibility for binding Tb 3ϩ at a defined position within a protein is to introduce an EF-hand motif, which usually binds Ca also binds well to these motifs (22) (23) (24) . Typically, an EF-hand motif is composed of two ␣-helices connected by a loop containing 12 amino acids that form the metal coordination site (Fig. 1B) . The amino acids at positions 1, 3, 5, 7, 9, and 12 of the metal-binding site, and often a coordinating water molecule, provide seven coordination oxygens for the cation, conferring high selectivity for Ca 2ϩ or Tb 3ϩ (25) . Database analysis reveals that high-affinity EF-hand motifs contain acidic amino acids at most or all of the coordinating positions, with the exception of position 7 (Trp), where the coordination oxygen is provided by the main chain (26) .
In this paper, a novel approach for estimating distances in a polytopic membrane transport protein is presented. The coordination site of an EF-hand motif is engineered into the central cytoplasmic loop of LacY, generating a lanthanide-binding site. This site is then exploited for LRET experiments by using Tb 3ϩ as a donor and fluorescent-labeled Cys residues at either of two positions in helix VI as acceptors. The distances measured are consistent with the proposed ␣-helical structure of this region and indicate that the approach may be of general use.
Experimental Procedures
Materials. TbCl 3 (hexahydrate), BODIPY-N-(2-aminoethyl)-maleimide, fluorescein-5-maleimide, and Alexa Fluor 594 C 5 maleimide (sodium salt) were purchased from Molecular Probes. GdCl 3 (hexahydrate) was purchased from Aldrich. 1-Palmitoyl-2-oleoyl-sn-glycero-3-[phospho-rac-(1-glycerol)] (sodium salt) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine were purchased from Avanti Polar Lipids. Deoxynucleotides were from Sigma-Genosys, and restriction endonucleases, T4 DNA ligase, and Taq polymerase were from Fisher Scientific. All other materials were reagent grade obtained from commercial sources.
Construction of LacY Mutants.
A DNA linker encoding the metal coordination site of an EF-hand motif (Fig. 1B ) was inserted into a unique KasI restriction endonuclease site of pT7-5͞cassette lacY encoding wild-type LacY with residues 206-210 deleted from the middle cytoplasmic loop (27) . Subsequently, the DNA fragment encoding the coordination site was subcloned by using BtgI and BsmI restriction endonucleases into pT7-5͞cassette lacY encoding Cys-less LacY with a C-terminal biotin acceptor domain followed by a stretch of six contiguous His residues (Cys-less LacY-EF). Mutants containing a single-Cys replacements for Val-169 or Ile-179 were generated by two-step PCR (28) and subcloned as PstI͞SpeI fragments into parental Cys-less LacY-EF, generating LacY-EF͞V169C or LacY-EF͞I179C. Each mutant was sequenced by using the dideoxynucleotide method (29) .
Bacterial Strains, Growth, and LacY
] was used as a carrier for the plasmids described and qualitative assessment of transport activity on MacConkey indicator plates containing 20 mM lactose. For protein purification, the appropriate plasmids were transformed into E. coli T184 (lacZ Ϫ Y Ϫ ). Cells were grown in 10 liters of Luria-Bertani broth at 37°C containing ampicillin (100 g͞ml) to an OD 600 of 0.8 and induced with 0.3 mM isopropyl 1-thio-␤,D-galactopyranoside. Cells were disrupted by passage through a French pressure cell and the membrane fraction isolated by centrifugation. Membranes were solubilized by adding n-dodecyl ␤-D-maltopyranoside (DDM) to a final concentration of 2%, and LacY was purified by Ni 2ϩ -NTA affinity chromatography as described (30) . Purified LacY was subjected to SDS͞12% PAGE followed by silver nitrate staining and immunoblotting with anti-C-terminal antibody (31) . Protein was assayed by using a microBCA kit (Pierce).
Protein Labeling. Purified LacY-EF͞V169C or LacY-EF͞I179C (Ϸ10 M) was incubated at 4°C overnight with 100 M of a given maleimide-conjugated fluorophor while protecting the samples from light. Free fluorescent probe was removed by passage through a Sephadex G-25 spin-column (Pharmacia).
Reconstitution into Proteoliposomes. After fluorescent labeling, purified protein was reconstituted into proteoliposomes as described with minor modifications (32) . Briefly, solubilized protein was added to a 3:1 (wt͞wt) mixture of 1-palmitoyl-2-oleoylsn-glycero-3-phosphoethanolamine and 1-palmitoyl-2-oleoyl-snglycero-3-[phospho-rac-(1-glycerol)] (sodium salt) dissolved in 0.5% DDM to a final lipid͞protein ratio of 12:1 (wt͞wt). The mixture was incubated at room temperature for 15 min with gentle agitation. DDM was then removed slowly by three successive extractions with polystyrene beads (Bio-Beads SM-2, Bio-Rad). The first two extractions were done at room temper- ature for 2 h each, and the last extraction was performed at 4°C overnight. The proteoliposomes were harvested at 100,000 ϫ g max for 45 min and resuspended in a small volume of 50 mM Pipes (pH 6.5), followed by three cycles of freezing and thawing. Finally, the sample was stored at Ϫ80°C at a final protein concentration of 1 mg͞ml. Immediately before use, the samples were subjected to a brief period of sonification in a bath sonifier. . The data were fit to Eq. 1 by using SIGMAPLOT nonlinear curve-fitting software (Jandel, San Rafael, CA):
where were fit to Eq. 2 by using SIGMAPLOT nonlinear curve-fitting software (Jandel):
where I is the Tb 3ϩ emission at 542 nm measured at different concentrations of Gd concentration. K app is the apparent equilibrium dissociation constant, which was introduced into the following equation to calculate the equilibrium dissociation constant for Gd 3ϩ (K Gd 3ϩ ) (33):
where [Tb 3ϩ ] is the Tb 3ϩ concentration preincubated with the sample (30 M), and K Tb 3ϩ is the equilibrium dissociation constant for Tb 3ϩ determined in Eq. 1.
Resonance Energy Transfer Theory and Distance Measurements. The efficiency of energy transfer for a single donor-acceptor pair is calculated experimentally from Eq. 4,
where D is the donor lifetime in the absence of acceptor, and DA is the donor lifetime in the presence of acceptor. In LRET with Tb 3ϩ as donor, DA is the lifetime of the sensitized acceptor emission, which is in the millisecond range. Because acceptor emission lifetimes are normally in the nanosecond range, sensitized acceptor emission must be the result of energy transfer from Tb 3ϩ (34) .
Förster theory (14) describes the relationship between the efficiency (E) of long-range dipole-dipole coupling of a fluorescent donor to an acceptor chromophore and the distance between them (R) as shown in Eq. 5:
where R 0 , the Förster distance, is the distance at which energy transfer efficiency is 50% (E ϭ 0.5) and is characteristic for a given donor-acceptor pair. Förster theory applies to LRET, because energy transfer occurs via spin-spin interactions (34) .
Here, R 0 is related to the spectroscopic behavior of the donor and the acceptor and can be calculated by using Eq. 6:
where is the refractive index of the medium between donor and acceptor, which is taken to be 1.4 for proteins in aqueous solution (14) . (35)]. J is the overlap integral between donor and acceptor and is described in Eq. 7:
where F D () is the Tb 3ϩ emission spectrum and () is the molar extinction coefficient of the acceptor as a function of the wavelength (). J was calculated by using SIGMAPLOT and Microsoft EXCEL.
Spectroscopy. Steady-state fluorescence measurements were performed in a SLM-Aminco 8100 (Urbana, IL). Absorbance measurements were carried out in Spectramax plus (Molecular Devices). Time-resolved luminescence decay curves were acquired in a Spex Fluorolog lifetime phosphorimeter (Spex Industries, Metuchen, NJ) by using a xenonflash lamp as the excitation source. The lamp pulse has maximum intensity at 0.003 ms and continues for 0.01 ms. Data were acquired with an initial delay of 0.05 ms and at intervals of 0.06 ms for Tb 3ϩ decay measurements or at 0.03 ms for acceptor-sensitized emission decay. Measurements were made in 5 ϫ 5 mm quartz cuvettes at 25°C. Experimental decay curves were analyzed by nonlinear regression by using SIGMAPLOT software (Jandel) according to a multiexponential decay described in Eq. 8:
where I i and i refer to the amplitude and lifetime, respectively, of every i component in the decay. C is the background signal. Both donor and sensitized acceptor emission decays fit a twoexponential decay. with a wide range of affinities, reflecting their regulatory role. This is achieved by variation in the sequence of the EF-hand motifs (26) . In this study, an EF-hand motif was engineered taking into account three considerations: (i) site-directed mutagenesis of EF-hand motifs has shown that substitution of the five negatively charged amino acids at positions 1, 3, 5, 9, and 12 with neutral amino acids dramatically reduces ion-binding affinity (36) (37) (38) . Therefore, all of the negatively charged amino acids were retained in the engineered EF-hand sequence to ensure high affinity. (ii) An Asp residue was introduced at position 3 because of a known role in increasing Tb 3ϩ affinity and decreasing Ca 2ϩ affinity (37) . (iii) One spectroscopic characteristic of Tb 3ϩ is weak absorption. To sensitize Tb 3ϩ luminescence, an aromatic ''antenna'' group with a high absorption efficiency must be introduced in close proximity (Ͻ5 Å), so that once excited, energy is transferred efficiently to the lanthanide. The nature of this energy transfer obeys the Dexter mechanism of electron exchange, and the triplet excited state (phosphorescence) of the antenna is involved (39) . Therefore, a Trp residue is introduced at position 7 of the EF-hand motif to serve this purpose (24, 40 luminescence to 50% at millimolar concentrations, thereby illustrating a lower affinity for divalent cations (data not shown). Thus, both the affinity and specificity of the EF-hand motif engineered into LacY are appropriate for LRET studies.
Results and Discussion
Luminescence Properties of Bound Tb 3؉ . The emission spectra of Tb 3ϩ bound to Cys-less LacY-EF in either DDM micelles or proteoliposomes shows characteristic narrow bands at 487 and 542 nm (Fig. 3) . Tb 3ϩ luminescence decay at both 487 and 542 nm fits two exponentials (Fig. 4 and Table 1 ). The overall decay is composed of two components, a population of 24% with a shorter lifetime of 0.3 ms and a population of 76% with a longer lifetime of 1.066 ms (Table 1) . Given the low quantum yield and consequentially low efficiency of energy transfer, the shorter lifetime is not useful in LRET measurements. It is likely that the shorter lifetime represents a quenched excited state of the bound Tb 3ϩ , because Tb 3ϩ chelates also exhibit a component with a similar short lifetime (18, 21) . In contrast, the longer lifetime of 1.066 ms with a calculated quantum yield (Q D ) of 0.22 (Table 1) represents the meaningful lifetime for distance calculations Fig. 2 . Tb 3ϩ binding to purified Cys-less LacY-EF. Experiment was carried out as described in Experimental Procedures. Excitation and emission wavelengths were 295 and 542 nm, respectively. (Inset) Inhibition of Tb 3ϩ luminescence by Gd 3ϩ . After incubation of purified Cys-less LacY-EF with 30 M Tb 3ϩ , the decrease in Tb 3ϩ emission at given concentrations of Gd 3ϩ was measured. The corrected dissociation equilibrium constant (K Gd 3ϩ ) was calculated by using Eqs.
2 and 3 as described in Experimental Procedures. Table 2 ). The absorption spectra of each acceptor are normalized to the specific Tb 3ϩ emission band that transfers the energy. Fig. 4 . Luminescent decay of Tb 3ϩ bound to Cys-less LacY-EF. The excitation wavelength was 295 nm, and Tb 3ϩ -sensitized emission was recorded at 487 nm. Tb 3ϩ luminescent decay was fitted with a two-exponential model (see Table 1 ). The line represents a curve fit of the experimentally determined intensities. (Inset) Residuals (i.e., deviation of experimental from ideal) from fit to a two-exponential decay. The protein and Tb 3ϩ concentrations were 5 and 10 M, respectively. derived from LRET measurements. The population of the quenched state is higher in the EF-hand motif (24%) than that observed in lanthanide chelates (10%). Thus, the engineered EF-hand motif is likely more solvent exposed, the main factor contributing to quenching of the excited state (41) .
LRET Between the EF-Hand Motif and Helix VI. The main purpose of this study is to test a new approach to obtain static and dynamic information regarding the tertiary structure of LacY and possibly other proteins. To demonstrate feasibility, LRET experiments were performed with the aim of measuring distance between the EF-hand motif described and positions 169 and 179 in helix VI (Fig. 1) . Therefore, the native residue at position 169 or 179 was replaced with Cys to generate LacY-EF͞V169C and LacY-EF͞I179C to allow conjugation of appropriate fluorophors.
The efficiency of energy transfer (E) depends on both the distance between the donor (Tb The spectral properties of the three dyes used in these experiments are different. Specifically, J, the main component of Förster distance, was calculated from the emission spectrum of Tb 3ϩ and the excitation spectra of the dyes (Fig. 3) , which have a strong dependence on the extinction coefficients of the acceptor at the wavelengths of donor emission (Table 2) . Thus, the higher extinction coefficients ( max ) of fluorescein and Alexa Fluor 594 relative to BODIPY causes these dyes to have overlap integrals that are 10-fold higher than BODIPY. Conversely, BODIPY has a Förster radius that is 10 Å lower ( Table 2) .
The maximum emission peaks of all three acceptors (BODIPY, 510 nm; fluorescein, 518 nm; Alexa Fluor 594, 615 nm) are clearly situated between the sharp Tb 3ϩ emission peaks at 487 and 542 nm (Fig. 5) , thereby allowing accurate monitoring of the sensitized emission of these dyes, because there is no significant Tb 3ϩ emission at these wavelengths. Therefore, a sensitized emission of the acceptor in a millisecond range as the result of Tb 3ϩ excitation reflects the rate of Tb 3ϩ relaxation because of energy transfer (34) . This approach simplifies accurate calculations of energy transfer, because it is not necessary to analyze multiple decays of Tb 3ϩ due to incomplete labeling with the acceptor fluorophor.
Using this methodology, LacY-EF͞V169C and LacY-EF͞I179C were studied unmodified or modified with a given acceptor fluorophor to estimate distance between the EF-hand motif and the fluorophor. After excitation, measurements were taken after a 50-s initial delay to avoid direct excitation of the acceptor. The sensitized decays of all three dyes at each position exhibit two lifetimes. The rapid decay of each fluorophore is the component relevant to energy transfer for the following reasons: (i) As expected from the Förster distances (R 0 ), the fast decay of fluorescein is more rapid than that of BODIPY at position 169, because energy transfer efficiency increases with R 0 at a fixed distance (Table 2 and Fig. 6A). (ii) The fast decay of BODIPY emission decreases from 0.248 to 0.047 ms when the acceptor is closer to the EF-hand motif [position 179, which is closer to the Tb 3ϩ -binding site relative to position 169 (Fig. 6B) ], whereas the second decay remains constant at Ϸ0.5 ms. The second decay plays no role in the energy transfer process and may result from residual Tb 3ϩ emission at this wavelength or detector background.
The average calculated distances between the EF-hand motif and positions 169 or 179 are Ϸ33 and Ϸ23 Å, respectively (Table  2) , which correlate well with the distances predicted for a slightly tilted ␣-helix (Fig. 1) . The distances determined are based specifically on the distance between the donor and the acceptors. However, it is important to note that movement of the acceptor fluorophor relative to the donor during energy transfer introduces heterogeneity in transfer efficiency. Because the rate of energy transfer is inversely proportional to distance, the sensitized lifetime of the acceptor reflects the shortest distance between donor and acceptor (42) .
The strong agreement in the calculated distances using three acceptors with different Förster radii argues convincingly for the ability of the technique to estimate intramolecular distances with reasonable accuracy. Furthermore, the excellent agreement confirms the random orientation of the acceptor probes during the energy transfer process, which supports the value given for the orientation factor ( 2 ϭ 2͞3) used in the calculations. Significantly, this approximation cannot be made with conventional FRET techniques, because the dipole orientation of the *max refers to the maximum absorption wavelength of each fluorophor (see Fig. 3 ). † The overlap integral ( J) and the Fö rster distances (R0) were calculated by using Eqs. 6 and 7 taking 2 ϭ 2 ⁄3, ϭ 1.4 and QD ϭ 0.22. E and R were calculated by using Eqs. 4 and 5. ‡ Lifetimes correspond to the faster decay of the sensitized emission of each acceptor, which is the relevant lifetime for energy transfer from Tb 3ϩ .
Fig. 5.
Overlap between donor and acceptor emission spectra. Emission of Tb 3ϩ (broken line) and steady-state emission spectra of BODIPY (max ϭ 510 nm) (A), Fluorescein ( max ϭ 518 nm) (B), and Alexa Fluor 594 (max ϭ 615 nm) (C) (solid lines) was measured with LacY-EF͞V169C reconstituted into proteoliposomes, as described in Experimental Procedures.
fluorophor is different for each acceptor as shown by steadystate anisotropy measurements (data not shown).
As judged by the sensitized lifetime values and the calculated energy transfer efficiency (E) ( Table 2) , BODIPY is the most sensitive acceptor for the range of distances measured here (23-33 Å) . The efficiency of energy transfer to this dye shifts from 0.766 to 0.956 between positions 169 and 179, corresponding to a distance change of Ϸ9 Å using the calculated Förster distance (R 0 ϭ 38 Å). Hence, BODIPY should prove to be particularly useful in analysis of structural dynamics during the catalytic cycle of LacY.
Conclusion and Future Directions. Introduction of an EF-hand motif into LacY provides exciting new prospects for the study of static and dynamic aspects of structure. Clearly, LRET measurements yield distance information in the range of 20-50 Å and, although data have not been presented here, EF-hand motifs have also been introduced into other cytoplasmic, as well as periplasmic loops, without abolishing LacY function. Therefore, by LRET measurements from EF-hand motifs on either side of the membrane to BODIPY-labeled Cys residues in transmembrane helices, it should be possible to determine helix packing on both surfaces of the membrane and thus helical tilts, as well as changes induced by ligand binding. Finally, the affinity of the EF-hand motif for Gd 3ϩ may be exploited for distance measurements by an independent spectroscopic technique, sitedirected spin labeling (see ref. 43 ). All sensitized acceptor decay curves were fit to a two-exponential decay. The sensitized lifetimes and calculated distances are given in Table 2 .
